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ABSTRACT 


The present investigation involves the study 
of process variables on the development of magnetic 
properties in Alnico alloys. These process variables 
are fabrication method of alloys^ temperature of annealing, 
time of annealing, time and temperature of magnetic ageing, 
and addition of alloying elements (Cr, Co and Cu), 

Alloys chosen for study contain 70- 57/ Pe, 20-28/ 

Ni, 5/ A1 and 5-10/ Cr in Pe-Ni-Al-Cr system and 63-52/ 

Pc, 20-12/ Ni, 10/ Al, 5-20/ Co and 2-6/ Cu in Fe-Ni-Al-Co-Cu 

system. All alloys were annealed at 1000°C for 3 hrs • 

1 

and then tempered at 6 50°C for 3j hrs, in atmosphere. 

The microstructural features of Alnico alloys were 
studied by ootical microscope. The phase analysis was 
carried out by using X-ray diffraction technique. 

Microhardness and Rasisvity both were found to 

/'■ 

increase linearly with increased amount of alloying 
elements. 

Addition of Cb and Cu was aimed at increasing 

f and values. Chax>mium increases %c, but lowers 
s' r 

Mg and values, annealing appears to improve and 

^c values. 



Magnetic ageing of alloys in the field of 1200 
Gauss for 1/2 hr. at 6 50 ^0 showed promising improvement 
in M , M and nc values and induced loop squareness. 

O J, 



CHAPTER - I 


INTRODUCTION AND LITERATURE REVIEW 


ABSTRACT ; 

This chapter reviews the subject matters 
related to structure/ properties, the general methods 
o£ fabrication , characterization and applications of 
A Ini CO magnet alloys. 

1 ntro du ctio n : 

The increased requirement for sophistication . 
of industrial devices and development of modern instru- 
ments necessitated the development of various kinds of 
magnetic materials. The relation among magnetic pro- 
perties composition, crystal structure and the method 
of fabrication, has immense important. As a conse- 
guence this has stimulated much scientific and techno- 
logical development work aimed rat influencing the 
magnetic properties in order to develop materials with 
most advantageous combination for applications in tele- 
communication and electrical engineering. 

The discoveries in this field are Alnico 
alloys as permanent magnet by Mishima in 19 31, 



ferromagnetic resonance by Griffith in 1946/ anti- 
ferromagnetism by Neel in 19 48, theory of single 
domain particles by Wolliams and Bozorth in 1949, magneti 
ferrite by Snock in 19 49 and so on, 

A permanent magnet is a storage device. The 
requirement of every saving as well as miniaturisation 
of devices employing magnets has generated in recent 
years a renewed interest in the development of new, 
high energy product magnetic materials. Wide spread 
interest in Alnico alloys which had anisotropy cons- 
tant (K^) in the range of (.3 x 10^ - 1.9 x 10^)ergs/cm^ 
which is much larger than that of steels. Properties 
of some important permanent magnets are in Table (l.l), 

A high quality permanent magnet material must 
have the following properties: (i) high saturation 
magnetization Cm^), (ii) high curie temperature 
(iii) Uni -axial anisotropy (iv) larger value of magneto 
crystalline anisotropy constant high coercive 

force (H ), (vi) a large fulness factor and (vii) low 

c 

permanent permeability. 

Besides these requirements, the material must 
have high corrossion resistant, thermal stability and 
should be cheap. 

The main contribution towards the saturation 
magnetization (M^) of alnico maghet alloys is made by 



TABLE ; 1.1 


Properties of some Permanent Magnet Materials 


Materials 

Composition 
(weight ^ ) 

Rema- 

nence 

B 

r 

(Gauss) 

Ooer- 

civity 

H 

c 

Orsted 

Maximum 

energy 

product 

max 

M.G.Oe 

36 Oo 

Steel 

36 Go, 3.75 w, 
5.75 Cr, 0.8 C 

9600 

228 

.93 

Alnico 

1 

12 Al, 23 Ni, 

5 Co, 60 Pe 

6600 

540 

1.4 

Alnico 

2 

10 Al, 18 Ni, 

13 Co, 6 Cu, 

63 Pe 

7000 

650 

1.7 

Alnico 

3 

12 Al, 26 Ni, 

3 Cu, 59 Pe 

6400 

560 

’ 1.4 

Alnico 

4 

12 Al, 28 Ni, 

5 Od, 55 Pe 

5500 

730 

1.4 

Alnico 


8 Al, 15 Ni, 

24 Co, 3 Cu, 

50 Pe 

12000 

720 

5.0 

Alnico 

DG* 

S 

8 Al, 15 Ni, 

24 Co, 3 Cu, 

50 Pe 

13100 

700 

6.5 

Alnico 

6* 

8 Al, 17 Ni, 

2 3 Co, 3 Cu, 

45 Pe, 4 Ti 

7 500 

975 

2.8 

Alnico 

8* 

8 Al, 14 Ni, 

38 Cb, 3 Cu, 

29 Pe, 8 Ti 

7100 

2000 

5.5 

Alnico 

9 » 

7 Al, 15 Ni, 

35 Co, 4 Cu, 

34 Pe, 5 Ti 

10400 

1600 

8.5 


Jlr Anisotropic properties 


parallel (i.e. f erromagnetically coupled) magnetic 
moment of Pe atoms in the ferromagnetic phase oc (Fe3 8 
Ni Al) and in weakly magnetic phase oc' (Peg Ni©' Algj)^ 
Both phases have Body-centred crystal structure (1). 

The alnico alloys have body-centred crystal structure 
with unixial anisotropy i.eo due to easy direction of 
magnetization is in the [lOo] direction as shown in 
Pig. (1.1). 

The coercive force of alnico alloys depends 
on many factors. High coercive force is due to ve3ry 
large anisotropy fields varying with composition of 
alloys. The coercive force finally developed in a mag- 
net is however, influenced by many processing parameters 
(2). High coercive force can be developed by making 
conditions favourable for pinning domain walls. This 
approach has been used in some alnico alloys. Yet 
another method to increase coercivity is by precipi- 
tating out elongated particles of the magnetic phase 
in a non-magnetic matrix, thereby coupling high magneto- 
crystalline anisotropy field as well as shape anisotropy 
effect to yield high value of coercivity, 

1,2 Alnico Alloys: 

The alloys of the Pe-Ni— Al system with or 
without specific alloying additions, are known as 
Alnico alloys. Depending upon composition, histoi:y of • 



JV (emia/cai^) 




of fabrication and purpose of development, they may be 
further classified as Alnico - 1 , 2, 3, 4, 5, 5 DG, 6, 

7, 8 and 9 etc, (3), They have wide range of magnetic 
pjroperties and are suitable for using as permanent 
magnets. These alloys are brittle and must be cast to 
shape. Details of the optimum composition and heat 
treatment of these isotropic alloys in which magnetic 
properties are independent of orientation, have been 
studied by Betteridge (4), The best properties were 
obtained for an alloy containing 60^ Fe 28/ Ni - 12/ A1 
which had been quenched at 28° C per second from the 
single phase state at 1100° C and tempered for 4 hours 
at 6 90°C, This treatment gave a coercivity ) = S15 

6 

Orsted and a maximum energy product (BH) , = l,35x 1C 

max 

G, Oe, The coercivity was shown to depend very criti- 
cally on the A1 content while the remanence depended 
more on the Ni content. 

The magnetic properties of Alnico alloys can 
be improved by the addition of Oo, Cu and other alloy- 
ing elements, Betteridge (4) also investigated the 
effect of addition Cu to (Fe - Ni - Al) system alloys 
and found that a 3. 5 weight percent Cu addition increased 
(BH) to 1. 5 X 10® G.Oe after quenching from 1100°C 

ITiaX 

and tempered at 550° C. The Cu addition increased the 
rate of precipitation of phases so that alloys required 
more rapid cooling. 







The effect of elastic stress cn the precipita- 
tion of phases and addition-'of Cu and Tl on magnetic 
properties of Pe - Ni - A1 system alloys have been 
investigated by Yermolenko and Korolyov ( 5) who obtained 
improved optim'um permanent magnetic properties. 

The carbon content of Pe - Ni - Al system alloy 
is kept as low as possible, since and intrinsic 
coercivity (^H^) are seriously reduced with carbon con- 
tent even below •i?'. However, small additions of Ti 
and Cr (about 0,5 /) are made to combine with carbon 
and counteract its deleterious effect. The effect of 
carbon on magnetic properties of Pe - Ni - Al system 
alloys is shown in Pig. (1,2), observed by Betteridge 
(4). 

Betteridge and Zumbush (6) had found that the 
magnetic properties of Alnico alloys could be improved 
by the addition of Co as shown in Pig. (1,3). The 
gains were progressive as the Co content was increased 
to as high as 20 - 2 5 / , although the benefits may be- 
come uneconomic at higher Co content, A higher solution 
temperature of about (1250°C - 1300®C) is required. The 
critical cooling rate varies with composition. The 
ageing temperature remains in the range of 600°C - 6 50®C, 

The composition and magnetic properties of some 
known Alnico magnet alloys are given in Table Cl.2), 



(kAm”* 


100|- 



20^ 


.,20 
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TABLF : 1,2 


Compositions and magnetic properties of isotropic 
Alnico magnets. 


Composition 

(Balance Pe) 

(Wt /) 

Remanence 
(B ) 

Gafiss 

Coercive 

force 

(®H ) 

G 

Orsted 

(hh) 

max - 
G.Oe X 10^ 

Ni 

Co 

A1 

Cu 

Ti 




24 

0 

12 

2 

0 

5000 

502 

12 57 

21 

3 

11 

3 

1 

5500 

5,2.0 

13.83 

16 

12 

9 

4 

1 

6 500 

620 

1635 

18 

17 

8 

4 

4 

7000 

72 5 

1760 


1. 3 Anisotropic Alnico Mag-net Alloys : 

Oliver and Shedden (7) improved the magnetic 
properties of alnico alloys by imposing a strong mag- 
netic field during cooling from the solution treatment 
temperature. The critical temperature range over which 
the magnetic field must be maintained is 900°C - 600° C. 
The resulting magnetic properties are anisotropic, 
being higher in the direction of the applied field 
than perpendicular to it. The improvement in properties 
are mainly shown by increase remanence (B^), which may 
become as high as .9 times the saturation flux in stead 
of only ,6 times to Isotropic alloys. This results in 



a much square demagnetizing curve and a high value of 


The compositions and magnetic properties of 
anisotropic alnico magnet alloys are given in Table 
(1.3). 


TABLE ; 1,3 

Compositions and magnetic properties of Anisotropic 
Alnico magnet alloys 


Composition (Wt /) 

(Balance Pe) 


Remanence 

(B ) 
r 

Gauss 

Coercive (BH)^^^ 
force max g 

G.Oe X 10^ 

Orsted 

Ni Co 

A1 Cu 

Ti 



12 23 

7.8 2 

0. 5 

12,000 

580 5.03 

14 32 

7 4 

4 

8,000 

1380 5.28 


1.4 Sintered Alnico Magnet Alloys : 

Plandhard and Bronner (8) have produced small 
magnets in large quantities by powder techniques. The 
powder magnets have lower magnetic properties than 
those of cast alloys of the same basic composition, 
because of the presence of porosity or non-magnetic 
blinders. The sintered magnets can be heat treated in 
magnetic field to give improved anisotropic properties. 
The best magnetic properties are obtained when the 



particle elongation occurs along the < 100 > axis lying 
most nearly parallel to the field direction. Typical 
composition and magnetic properties for the same common 
alnico alloys, permitting a comparison between sintered 
and cast materials, are given in Table (1.4). 

TABLE : 1.4 

Magnetic properties of cast and sintered Alnico Magnet 


alloys. 


Alloy Composition (wt 

(Balance Fe) 

Desig- 

nation 

B 

r 

Gauss 

% 

c 

Orsted 

(BH) 

max 

X 10® 

G.Oe 

A1 Ni 

Co 

Cu 

Alnico 

- 



10 19 

12' 

6 

Cast 

74©0 

528 

1. 59 




Sintered 

7000 

503' 

1. 53 

10 21 

12 

9 

Alnico 







Cast 

6800 

610 

1.59 




Sintered 

6100 

591 

1.53 

8 11, 5 

21 

4 

Alcomax- 

II 






Cast 

1270 

578 

4.27 




Sintered 

1120 

566 

3.27 

9 21 

20 

2 

Hycomax 







Cast 

8 500 

792 

2.72 




Sintered 

7900 

780 

2.61 


1.5 Columnar Grained Alnico Magnet Alloys : 

Wright (9) have improved the magnetic properties 
of the alnico magnets by explotting the difference in 
properties in different crystallographic directions with 







the help of producing colviinnar grained stiructure in 
the alloys. By careful control of thermal gradient 
during solidification, it is possible to grow long 
columnar grains with the <100> axes of the alloys lying 
along the direction of growth. When these alloys are 
heat treated in a magnetic field, the magnetic proper- 
ties are better than those of field treated random 
grain alloys. 

The compositions and magnetic properties of 
columnar grained alnico magnets are given in Table (1.5). 

TABLE ; 1.5 

Compositions and magnetic properties of columnar 
Alnico magnet alloys 


Composition (wt /) 
(Balance Pe) 


Remanence Co ercive 

(B ) fo?fce 

r, ^ (H ) 

Gauss c 

Orsted 


(BH) 

max 
G, Oe^ 

X 10® 


Ni 

CO 

A1 

CU 

Nb 

Ti 



- 

13 

24 

7.8 

2 

1 

4 

13,000 

704 

7.04 

14 

32 

7 

4 

1 

4 

10,000 

1380 

7.54 


1.6 Phase Relation in Fe-Ni-Al System Alloys : 

De Vos (10, 11) had investigated the phases 
present in Pe-Ni-Al system alloys using X-ray technique 
as shown in Fig. (1.4). One single Body-centred crystal 







structure a ~ phase having a super-structure of the 
Cs Cl type exists above 1200°C. Between 1200 - 3 50°C, 
a B.C.C.a' (^©39 Ni Al) and another phase 

exist, phase can not be supercooled to room tonpe- 

rature, but spontaneously transform into a B.C.C, struc- 
ture knoxTO as ct phase Nig ‘ Al^) during cooling. 

Below 8 50°C, the alloy consists of two B,C.C, phases. 
These are oc' ^^^©39 Ni Al), rich in Fe content (ferro- 
magnetic) and a (Feg Nig Al^’) , low in Pe content (para 
magnetic), Mter tempering for about two months at 
600°C, gives rise to another F.C.C, phase (r), 

1 • 7 The Effect of Heat Treatment on Magnetic 
Properties of Alnico Magnet Alloys : 

The alnico magnet alloys show high coercivity, 
produced by precipitation hardening method. The stress 
anisotropy is introduced by high coolirjg rate during 
casting in order to obtain high coercivity. The alloy 
can be heat treated by the following routine: (i) quench- 
ing from high temperature (1000 - 1100“ C) to room tonpe- 
rature and a subsequent ageing to a medium temperature 
( 550 - 7 50°C), With the duration of ageing, the coer- 
civity first increases, reaches a maximum and then 
falls. 

The effect of temperature and time of ageing 
is shown in Figs. (1.5 to 1,6), as reported by Kronehberg 








Fla. 1.6 : Variation of coerci’/it'^ of Alr^ioo S before^ and 
after temperina as a function of mionchina 

ts’" J'-r-r "'‘'uro® 







and Bohlmann ( 12 ) 


During ageing a fine precipitation of the 
insoluble particles (non-magnetic) results# The dis- 
persion of these insoltible particles promotes optimum 
coercivity as a result of their pinning action on do- 
main walls. The particles grow in size with fxirther 
ageing and larger is-lands and inclusions are formed. 
These induce decrease in coercivity from maximum value. 

1-8 Effect of Magnetic Annealing : 

In order to develop the magnetic properties 
with commercial viability, further attempts have been 
made to design new treatments. There are two other 
techniques worth mentioning for this puirpose, namely the 
magnetic annealing and magnetic cooling both require 
heating or cooling essentially in a fixed magnetic field 
in order to facilitate alignment of magnetic domains 
around the curie temperature during para to ferromagnetic 
transformation and induce magnetic anisotropy* The 
coercivity of the alloy depends on the degree of shape 
anisotropy and effective particle size. This ia achieved 
by the spionodally decomposed micro structure, comprising 
of interconnected a phase (paramagnetic) in a a'(Pe rich) 
ferromagnetic matric. The application of magnetic field 
induces anisotropy in the bulk magnetic parameters as 
confirmed by Maesbaur spectroscopy (13,14). 



Okade (15) has noticed the elongation of the 
microst 2 ructure in the direction of applied field and 
improvement in magnetic properties in Pe - 28/ Cr - 
Co - 1/ Nb alloy, 

Cremer and Pfeffier (16) also found a readily 
obserable induced shape anisotropy in the mi cix) structure 
of an Fe - 29/ Cr - 2 3. Co alloy and noticed that Mo 
addition enhanced the effect. The particle alignment 
was parallel to the <100> direction e,g, the direction 
of applied field, 

Kaneko (17) found that particle orientation in 
a single crystal specimen of Pe - 30/ Cr - 2 3/ Co - 1/ 

Si alloy, did not show preferrence for precipitation 
along defined crystallographic directions, although 
magnetic properties were mai^ginally better for specimens, 
field treated in <100> direction. 

The effectiveness of the magnetic annealing 
depends upon various parameters such as magnetic field 
intensity, temperature and time of annealing, 

1,9 Effect of Anne al i ng Atmo sph ere : 

The annealing atmosphere is advisable to be 
carried out in inert or reducing atmosphere (18), The 
annealing atmosphere has profound effect on the magnetic 
properties of Pe - Ni - A1 system alloys. It suggests 
(19) that the atmosphere probably affects the concentration 



and distribution of simpurity atoms thjrough annealing and 
through this alters the orientation dependence of grain 
boundary mobility and thus influence the formation of . 
nuclei!. Another group of workers (20) atribute the 
due effect to an obsorbed otygen layer on the specimen 
surface, which causes decrease in magnetic properties. 

However, many workers feel (19) that H 2 atmos- 
phere annealing develops the best magnetic properties 
in these alloys, because H 2 being a strong reducing 
agent, may be instrumental in removing 0 ^ , C, N 2 or S 
from the matrix. 

1.10 Effect of Cooling Rate on Magnetic Properties ; 

The rate of cooling affects the grain size and 
coercivity of alloys. Higher rate of cooling develops 
stress anisotropy in the solidified alloys after casting 
which increases the co-rrcivity and remanence. The stress 
anisotropy constant (K^) is defined as * 5" ^si ^ 
where is saturation magnetostriction (assumed to be 
isotropic) and c3^ is uni-axial stress. For stressed 
particles of the solidifi ed alloys, the coercivity (H ) 

X i x/n 

is pix>poirtional to where is saturation 

s 

magnetization and n is the dislocation density of the 
solidified alloy (21). 



1.11 The Effect of Grain Size and Inclusion on 
Magnetic Properties ; 


Besides dissolved impurities, inclusion and 
grain size have marked effect on magnetic properties. 
Uniformity among grain size and distribution is also 
important as large and small grains scattering is supposed 
to cause greater magnetic loss because of difference in 
hysteris characteristics (22), 

Pf eiffier -(23) s^Immarises the effect of grain 
size and inclusion on coercivity of Pe - Ni - A1 system 
alloy by the relation 

M _ iJ TT 1_ 

c “ 16 ^ ju, M • d 

os g 

where is wall energy, is saturation magnetization, 

is initial permeability, is coercivity of alloy 

with inclusion and d is grain diameter. 

g 

Thus the coercivity of alloy with inclusion 
is larger than that of pure alloy of same composition. 

The effect of inclusion size and distribution in Pe ~ Ni ~ 
A1 system alloy with alloying elements such as Go, Cu 
and Cr etc, notes that submicron dispersion of inclusion 
is advisable for adhieving high coercivity by heat treat- 
ment (ageing). 


1,12 General Methods of Fabrication: 


Generally alnice magnet alloys were fabricated 
by induction melting techniqueo The earliest method 
used for fabrication was by solidification of liquid 
alloy in permanent mold during thermite process', as 
result of aluminothermic reaction where during solidi- 
fication rod like precipitates form parallel to the 
cooling direction. However, the casting approach run 
into insurmountable difficulties and is ruled out now. 

The most commonly used technique for producing 
alnico magnets is through powder metallurgy route. In 
this process, pre-alloyed pox'/der such as iron-aluminium 
or cobalt-aluminium may be taken with elemental iron 
and nickel powders and after mixing in the correct 
proportion, they are pressed to shape and sintered in 
vaccume or purely H 2 (24), 

An alternative technique involves the milling 
of alloyed cast material to powder and compacting to 
solid form by the inclusion of 30 - 40/ by volume 
thermosetting resin powder and then sintered to form 
magnets (25), 

The other possible variation as the formation 
of alloy from the pure oxides of components through 
co-reduction process (26). In this case, the alloy 
is obtained in fine powder form and hence comminution 



steps are reducedo Industrial production method follows 
classification and blending of powders to get a narrow 
size distribution of fine powders. The powders are 
made into compacts of required size under magnetic 
field so that all the fine particles orient their easy 
direction of magnetization along the applied field 
direction (26), Then the important stage is sintering 
of these green bodies to increase their density. It 
could be solid state sintering or liquid phase sintering. 

In liquid phase sintering, a low melting point 
powders is added and sintered. The low melting point 
powder melts and fills the gaps and alloys with the 
high melting point powder particles of the compact 
to shift the stoichiometry of the final alloys to the 
right value. By this method, higher density sintered 
magnets can be made (27), A post sintering heat treat- 
ment is usually given to the sintered magnets to improve 
their magnetic properties. 

Another modern technique (28) used for fabri- 
cation of Alnico magnet alloys with fully columnar 
grained structure. In this process, by careful con- 
trol of thermal gradients during solidification, it is 
possible to grow long colixmnar grains with <100> axes 
lying along the direction of growth. The columnar 
grain growth is, achieved by casting the molten alloy 



into a chill face moulc^ with the side walls pre-heated 


Solidification is predominantly from the chill face, 
giving required orientation of the columnar grains. The 
addition of sulphur, tellurium and carbon helps the 
columnar growth, 

1,13 Application of Alnico Magnets s 

The development of alnico magnets alloys was 
followed by a great increase in the industrial applica- 
tions such as in various machines and in electronic 
devices. Their applications are based on different 
functions which they can perform. 

These are used to convert the mechanical 
energy into the electrical energy (or vice-versa) in 
the magnetic field. This function of magnets is used 
in small electric motors, dynamos, loudspeakers, micro- 
phones, speedometers, magnetos etc. The alnico magnets 
exert a force on a ferro- magnetically soft body. This 
function of magnets is used in relays, couplings, bear- 
ings, clutches, magnetic chucks, clamps and separators 
(extraction of iron impurities, concentration of ores). 

These are also subjected to a direction force 
exerted by a magnetic field. This function of magnets 
is used in positioni-ng mechanism, cort^asses, in some 


ammeters 



The alnico magnets exert a force on moving 
charge carriers. This function of magnets is used in 
magnetrons, travelling wave tube, some cathode rays 
tube. Hall plates, television devices etc. 

1»14 Statement of Problem : 

The development of permanent magnets, involv~ 
ing a contineous research for materials, having good 
magnetic properties, has been going on for past three 
decades. Many problems are to be solved concerning 
re-magnetization theory in the magnetically hard mate- 
rials of the Alnico type. The basic composition and 
micro addition influence of some elements on the mate- 
rial's magnetic properties have been established. 
Nevertheless magnetic properties of the Alnico type 
alloys observed in practice are far from the those 
theoretically predicted. There is the still unsolved 
problem of how to reach higher coercive force and 
magnetic induction valuos-closer to the theoretical 
ones - and how to maximize magnetic induction with the 
highest coercive force existing at the same time* 

Although, in India, these Alnico magnets are 
in use, they are imported from other country. Yet 
not mucdi effort has been done to fabricate very good 
permanent magnets of Alnico type. The magnetic pro- 
perties of these alloys depend on their composition 



and processing parameters. Therefore, investigations 
on the thermal treatment and chemical composition 
optimization are carried on with the aim of ensuring 
the existence of conditions for obtaining the better 
magnetic properties in Alnico type magnet alloys. 
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CHJiPTER - II 


THERMITE PROCESS 


the alumi no thermic reaction has been used 
for preparing various Alnico magnet alloys in the pre- 
sent investigation, this chapter deals with the thermo- 
dynamic kinetics of the thermite process. A brief des- 
cription of equipments and materials used in practice 
and applications of thermite process are also presented 

2.1 Thermite Process : 

The preparation of metals and alloys by thermi 
reduction of metal oxides was discovered by a German 
Chemist, Hans Goldschmidt (1). He defined thermite 
reaction as " the reduction of metallic compound by 
one or several reducing agents in such way that when 
the mixture (metal compound and reducing agent) is 
ignited at one place, the reaction continues to go on 
spontaneously with complete oxidation of the reducing 
agent, a fluid slag being formed, while the reduced 
metal or alloy is obtained as a compact regulus. 

This aluminothermi c reaction is a special 
case of thermite reaction where aluminitim is used as 
















the reducing agent. The use of alumini-um is especially 
attractive due to its availability in high purity at 
relatively moderate cost, its chemical stability even 
in finely powdered form and its tendenc- to reduce most 
oxides due to having high affinity for oxygen. Pig. 

(2,1) shows the standard values of free energy of oxide 
formation as a function of temperature, related to one 
mole of oxygen (2), 

The least stable of the oxides as shown in 
Pig. (2.1) is that of Mo and the most stable is calcium 
oxide (CaO), The stability of oxides decreases with 
increasing temperature with the exception of carbon 
monoxide (Co). The data shown in Pig. (2.1) can be used 
to estimate the possibility of using the element as a 
reduct ant. 

An element, for example Al, which forms a more 
stable oxide under appropriate conditions can be used 
to reduce all the metallic oxides shown in Pig. (2,1) 
expect those of Ca and 2r. The presence of iron or iron 
oxides can facilitate some reduction processes. Iron 
di sso.lv es a reduced element, forms a compound with it 
and thus lowers the activity of that element and removes 
it from the reaction zone. The general equation for this 
process is 

Me'O + Me" -> Me'O + Me' + Heat 
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where Me'O is metal oxides and Me" is reducing agent. 
The reaction is highly exothermic a^^d large negative 
free energy changes are associated with this reaction 
as seen from Tables (2.1 to 2.2) and temperature deve- 
loped during process is expected to be 2 52 5*^0. 

2.2 Theirmo dynamic Kinetics : 

The general equation for the thermite process 
is 

Me'O + Me'' -> Me' + Me'O + Heat 

with the equilibrium constant (K) for the reaction as 

K - ^e" 0 ■ : ^Me' 

®Me' 0 X ^Me" 

where ^e" 0 , ^e" , ^Me'O , ^'Me' are the activities 
of reactants and products. The standard isobaric 
isothermal potential for the reaction is defined as 

A Z° = A 2° Me" 0 - A Z° Me'o and 

- Ag® 0 

In K = , where .aG is the standard 

free energy change for the overall reaction. Generally 
the value of K in the thermite process is in the range 
of 10^^ to 10^^. Thus for the above reaction to proceed 
from the left to right, the condition 

Me" 0 < A z° Me'O 


should be satisfied 



The oxygen potential of oxides (3) is defined 


as 


and 


^(Me'O) = Az°(Me'0) - RT In 

^Me' 0 

+ £ ( A z) Me' , Me'O 


^(Me" 0) 


AZ°Me" 0 - RT In 


^le" 
®-Me" 0 


+ £ ( ^Z) Me" , Me" 0 

where e ( az) Me / MeD indicates the free-energy change 
due to phase transformation of metals and oxides. 


by 


The effectiveness of the reaction is determined 


^(Me'O) > %(Me" O) 

AZ*^ Me'O - RT In — + e ( az) Me' , Me'O 

^ Me'O 

> aZ° Me'* 0 - RT In e( ^Z) Me" , Me't) 

a Me"0 

The effectiveness of the reaction can be increased by 
raising 7 ^ (Me'O) which is achieved by 

( 1) dissolving the Me' formed in the metal solvent 
and lowering (^e' < 1)# 

(2) maintaining ®Me'0 1 during the process. 



( 1 ) 
( 2 ) 
( 3) 


The value of ^0(Me'' 0 ) can be lowered by 

using a pure metallic reduc jr (^e'^ 1 ) 

melting and slaging the oxide (Me" 0 ) 
lowering the activity of oxide Me" 0 through 
the addition of flux (^e" 0 < 1 ) , 

These factors promote greater completion of 
the process and recovery of reduced elements. Ihe 
sucessful preparation of high purity magnetic alloys 
by the A1 reduction depends on the use of an excess 
amount of A1 (about 2/ of the required Al'>« 

2.3 Thermo chemical Aspect : 

Once the reaction is complete/ a metallic phas 
and a lighter slag will separated out. The slag should 
be in molten state to prevent the oxidation of metallic 
phase from atmospheric oxygen. The possible thermite 
reaction between A1 and oxides of various metals (4) 
is as given below: 

Fe^O^ + 8A1 = 9Pe + 4Alj0 2 

ag° (2800°^) = - 922 + .115 T Kcal/mole 
Cr203 + 2A1 = AI 2 O 3 + 2Cr 

aG°( 2800°^) = - 145 + .021 T Kcal/mole 

3 NiO + 2A1 * ^^ 2^2 

ag°(2800°^) = - 245.2 + .02 5 T Kcal/mole 


3QdO + 2A1 = 3Co + AI2O2 

ag°( 2300°^) = - 229.0 + .013 T Kcal/more 
3CuO + 2A1 = 3Ca + Al^O^ 

AG°(2aoo°^) = = 279.1 + .016 T Kcal/more 

when calcium oxide (CuO) is used as flux in the pix>cess/ 
then following reaction will occur. 

+ 8A1 + 2CaO = 9Pe + 2(CaO . 2AI2O2) 

^G°(2800°^ = - 922 + .115 T Kcal/more 
2Cr202 + 4A1 + CaO = 4Cr CaO 2AI2O2 

ag°(2800°^) = - 145 ^ .021 T Kcal/more 
6NiO + 4A1 + CaO = 6Ni + CaO . 2AI2O2 
ag°(2800°^) = - 245.2 + ,02 5 T Kcal/more 
6C0O + 4A1 + CaO = 6C0 + CaO . 2AI2O2 
ag°(2800°^) = - 229.0 + ,013 T Kcal/mole 
6Cu0 + 4A1 + CaO = 6Cu + CaO . 2Al20g 
Ag°(2800°^) = - 279.0 + .016 T Kcal/mole. 

2,4 Materials and Bgul p ments : 

Materials and equipments required for themite 
process can be classified into three headings: 

(1) Thermite charge 



(2) Ignitors. 

( 3) Thermite crucible and casting mold. 

2.4.1 Thermite Charge : 

The charge for a lumi no thermic reduction con- 

tains the oxides of metals to be reduced, Al powder alone 
or in combination with Si. A fluxing agent such as 
calcium oxide (CaO) or salt-peter (NaNO^) is used to 
decrease the activity of slag thereby increasing the 
fluidity of slag and thermal blast to either absorb 
or evalve heat depending upon the process. 

Studies conducted on thermite reaction rate 
by Dubrovinetal (6) proved that the decreasing particle 
size of oxides results in better mixing and faster rate 
of reduction. This is due to larger contact area avai- 
lable for reaction, 

Al is used in the powdered form and has to be 
mixed with the oxides, A small excess of Al (2/ by 
weight of total Al) is added to make up for the 
evaporation losses at high temperatures. For fluxing, 
lime is mostly used, fluorspar (Cap 2 ) and salt peter 
(NaNDg) are also used either in combination with lime 
or separately. Thermal ballast can bo in the form of 
Iron ore# scrap iron and sulphur (7). F'-''’phur is used 
when the neat evolved during reaction is not enough to 
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melt the products. Scrap iron or iron ore may added for 
alloying or to remove excess heat to prevent increase 
in temperature above the desired level. Table (2,3) 
summarizes the details of the manufacturing processes 
for some ferro-alloys. 

2.4.2 Ignitors t 

The thermite charge requires an ignitor to 
initiate the reaction. The strip of magnesium is used 
generally which ignites by applying heat. This method 
is dangerous as the operator does not get much time to 
move away from the crucible, Bozzelli (8) had developed 
a safer ignition system using potassium permanganate 
crystals and glycerin. The reaction between KMnO and 
glycerin is an exothermic oxidation and provides enough 
heat to initiate the thermite reaction, A charge of 
about 1 Teg requires 15 gms KMnO^ and 5-lOc.c, of glycerin. 
The KMnO_^ is placed in a depression on the surface of 
hot (200°C) thermite c±iarge and glycerin is then- added,! 
The time taken for thermite reaction to initiate is 
about 30-60 seconds as giving ample time for experi- 
menter to move away from the site of the reaction. 

2.4.3 Thermite Crucible and Casting Mold : 

A cylindrical steel vessel (15 cm dia/ 15 cm 
height), open at the top and a hole of about 2 cm. dia. 






at the bottom centre is used. Holds were provided for 
lifting the heated vessel. An earthen pot with a hole 
( . 5 to ,8 cm dia) drilled through its base and a A1 
foil is placed over this hole, was used to hold the 
charge. This was placed inside the vessel and the 
intervening space was pached with sand. The two holes 
had been aligned to be one over the other. 

Since a large n-umber of ingots had to be made, 
it was thought that making a sand mold every time would 
be tedious. Therefore, a permanent mold of cast iron 
as shown in Fig. (2,2) was used. The stacking of the 
liquid metal, alloy and slag to the surface of the mold 
was avoided by coating the walls with graphite. 

2.5 Applications ; 

Simple thermo chemical concept of thermite 
process has received much attention in industrial appli- 
cations due to the following advantages (9), 

(1) The expensive step of preparation of metals 
or alloys is eliminated, 

(2) Inert gas atmosphere, which is essential if 
highly reactive metals is handled, may not be 
required for this process. 

( 3) Alloying with a metal whose density is far too 
low compared to that of base metal might lead 
to segregation. However, with this process. 



this problern is significantly reduced. 

A few of the important applications are being 
discussed in the following paragraphs. 

2 . 5. 1 The Preparation of Ferro-Alloys : 

The thermite process using allximi no thermic 
reduction is used in the production of f erro-dhrome# 
fearro -vanadium, f erro-titanium, f erro-niobium, ferro- 
molybdenum and other ferro-alloys (10, ll). This 
insures the production of carbon free products (12). 

2.5.2 The Preparation of Nuclear Materials? 

Aliiminium - plutonium alloys vjhich find appli- 
cation as fuel materials in research reactor and as 
spibe elements in power reactors have been largely 
prepared by aluminothermic reduction (13). The chonical 
reaction involved in the p 3 ?ocess is as given below: 

PuF^ + A1 = Pu + AIF- 
3 3 

A 0^1500°^ * -15 Kcal/mole 
SPuOj + 4A1 s: 3Pu + SAljOg 
^G^.1500^^ = -42 Kcal/mole 

Plutonium yields average 99.8 and product quality is 
quite high. Similarly alloys of gallium, germanium 
and silicon can also be prepared by altaminothermic reduc- 
tion C 14) • 





this problem is significantly reduced 


A few of the important applications are being 
discussed in the following paragraphs. 

2.5.1 The Preparation of Ferro-Alloys ; 

The thermite process using allumi no thermic 
reduction is used in the production of f erro-chrome# 
f erro-vanadium, f erro-titanixam, f erro-niobium, ferro- 
molybdenum and other ferro-alloys (10,11), This 
insures the production of carbon free products (12). 

2.5.2 The Preparation of Nuclear Materials: 

Aluminixom - plutonium alloys which find appli- 
cation as fuel materials in research reactor and as 
spike elements in power reactors have been largely 
prepared by alumi no thermic reduction ( 13) • The chamical 
reaction involved in the process is as given belowt 

PuPg + A1 = Pu + AlFj 

ag°1500°^ _ -15 Kcal/mole 

SPuOj + 4A1 = 3Pu + 2 AI 2 O 2 

^0^1500^^ = -42 Kcal/mole 

Plutonium yields average 99.8 and product quality is 
quite high. Similarly alloys of gallium, germanium 
and silicon can also be prepared by alumi no thermic reduc- 
tion (14). 




2,5.3 Alumi no thermic Welding : 


The reaction between ^© 2^3 used to 

weld steel parts, 

^e2'^3 + 

^298°^ = 204 Kcal. 

The heat liberated by this reaction is sufficient to 
obtain liquid iron and slag at temperatures from 
1600° C to 1800° C. Thus welding of steel parts is 
easily possible (15/16). 

2.5,4 Paroduction of Refractory Metals : 

There have been a number of papers pertaining 
to the preparation of refractory metals by aluminother- 
mic reduction. Studies on the effect of particle size 
and relative amount of Al powder have been done by 
Pliner (17), Dubrovin et al (18) studied equilibrium 
distribution of Cr in the slag phase. Deryabin (19) 
added chromium oxide to molten alxminum and studied the 
effects in order to avoid the explosion hazards and 
lower yields of Al - CrjO^ powder reaction. 

To prepare ^igh purity vanadirm at least 10^ 

Al should be present in V as this suppresses solubility 
of oxygen. Subsequent removed of volatile AI 2 O is done 
by high temperature vaccum sintering. This investiga- 
tion was carried out by Carlson (20), Carlson and 




Schmidt investigated the use of a water cooled crucible 
as reaction vessel/ which resulted in metal of lower 
N 2 content and consistently higher yields. Wang et 
al (21) modified this process and adopted it to commer- 
cial operation so that Al and oxygen wore removed during 
consolidation step by electron beam melting. Carlson 
(20) and Schmidt were able to Co - reduce contain- 

ing Nb20^ , Ta20^/ MoO^ or Ti02 to binary alloys of V. 

Wilhelm et al (22) prepared high purity niobium 
from Nb20j., The charge bom is heated to 6 50°C, Any 
Al, O 2 or N 2 retained in the reduction product is removed 
during electron beam melting to give a product contain- 
ing less than ,003/ of each impurity. This process is 
now used commercially. 

Because of the low heat reaction of Al with 
Ta20c; / Gupta and Jena (7) used sulphur as a thermal 
booster. The alximinom sxilphide also serves as a flux 
for slag formation by forming an Al 20 ^ - Al^S^ eutectic. 
Wilhelm et al (2 3) accomplished similar results by adding 
an alloying element such as iron or manganese to form 
a lower melting eutectic with tantalum, /idditional heat 
is supplied by KclO^ as thermal booster. Iron or 
manganese with aluminum and oxygen can be removed by 
electron beam melting. 



Mayar and Hublor (24) patentee' a process for 
producing niobium or tantalum in an open crucible. The 
unique feature is the addition of cupric oxide to the 
charge . Copper which is insoluble with Ta, Nb , wets 
the metal powder thus forming a protective coating 
around the individual particles. This adds in the 
coulesence of powders during subsequent melting or 
sintering. Copper is then removed by treatment with 
nitric acid, 

Gupta and Jena (2 5) have been able to achieve 
yields of upto 10 % in the aluminothermic reduction of 
molybdenum and tungsten trioxides, Schmidt (26) has 
improved the process to increase the yield to 90/ at 
the same time obtaining of 99.98/ purity, 

2,55 Coatings by Aluminother mi c__P roc es s : 

Panteleenho et al (27) used a mixture contain- 
ing AljO^ - 38, Al - 18, - 48 and NHrjcl - 2/ (by 

weight) for chromizing steels pro! im-i nary galvanizing 
resulted in a 1.3 - 11 fold increase in the chromizing 
rate and significant increase in wear resistant of the 
coating. Service life of the galvanizcd-chromized 
screws was 3 - 3,7 times longer than uncoated ones. 
Conventional chromizing, without galvanizing gave only 
1.6 - 1.8 fold increase in service life. 


LyaMiovich et al (23) developed a process for 
chromizing steel by aluminothermy. A two component (Cr 
and Si) saturation method was developed for steel using 
aluminothermic reduction of Cr^O^ and Si 02 in the pre- 
sence of NHucl activator in Al^O^ pack. Coatings rich 
in Cr^Si and Fe.^Si with micro hardness of 715 - 300 kg/mm^ 
was formed on Armco iron, 

Lyakhovich et al (29) investigated thermo chemical 
treatment of austenitic steel. Diffusional saturation 
of • stainless steel with Cr, B, Cr - Si and Cr - Ti was 
studied using Al reducible Cr^O^, ' '^^^2 '^^^2 

as saturation element source optimal cementation treat- 
ments increased the wear resistance 20 fold for boroniz- 
inc/ 6-7 for chromo silicon! zing, 3 for chromizing and 
1.2 times for chromizing with Ti - cementation., Bo 3 X»niz- 
ing did not protect the steel from high temperature gas 
corrosion, but other diffusional coatings increased the 
oxidation resistance ofthe steel by 1.2 -1.5 times. 

Yurasko (30) patented a flame spray method for 
coating metals with a metallothermic mixture containing 
a thermite component and one or more coating metals. 

During spraying the coating metal is superheated to a 
bonding temperature, resulting in high adherence. The 
powder blend used was 50^ aggloraoratcd NiO with 50/ Al 
as powder of diameter bondcjd xirith sodium silicate. 



The mixture was flame sprayed in an oxyacteylene torch 
on; to a grit blasted steel substract. The resultant 
coating bond strength of "^24 5 psi was obtained. For: 

9 5^ Ni with Al held togather xvith a phenolic blinder 
the bond strength was only 5700 psi. 

Taguchi (31) has patented coating compositions 
for molds. Metal oxides and aluminium were coated on 
to mold to diffuse on cast iron, steel or copper to 
improve corrosion resistance, heat and abrasion. Thus 
a coat-’ng composition was orepare'' from 152.2 gm Cr^O^ , 
53.96 gm A1 and a phenolic rf^sin as blinder. 
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CHAPTER - III 


EXPERIMENTAL PROCED UR ES, RESULTS, 
DISCUSSIONS AND CONCLUSIONS 


ABSTRACT ; 

An entirely new method for the preparation of 
peirmanent magnetic alloys^ using aluminothermic reduc- 
tion is discussed. The methods of characterizing these 
alloys/ using techniques of optimal metallography, 
chemical analysis. X-ray diffraction, micro-hardness 
measurement, magnetization and electrical resisvity 
measurements are also described. The results of the 
present investigation are also presented and discussed 
in this chapter. 

?.l EXPERIMENTAL PROCEDURE : 

3.1.1 Preparation of Alloys : 

The materials used in th® preparation of alloys 
were Pe^O, , obtained locally in the form of flahes with 
size ranging from (1 to 5 mm), Cr20., , NiO, CoO, CuO and 
A1 powder (- 32 5 mesh), supplied by Sisco Research 
Laboratory, Bombay. Calcixim oxide (CaO) was obtained 
in the form of lumps, supplied by Laboratory, Bombay. 
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Pe-12/ Ni- 10 ^ Al- 20 / Co- 431.16 91.62 235.24 - 152.58 45.06 269.55 1275 


followed bv addition of about 10 - If c.c. glycerin. 
The reaction starts spontaneously, the melt was cast 
in the mold. 

Most of the characterizations involve regular 
shape samples of specibic dimension. For this, the 
specimens of suitable dimensions were cut from the 
cast ingots with the help of Silicon-carbide cutting 
wheel and microslicer cutting machine. 

3.1.2 Heat Treatment 

3.2.1 Annealing r 

The specimens were annealed in gas with 
flow rate of 1 c.c. /minute at lOOC'^C + 4°C for 3 hours. 
The specimens were loaded on refractor;;/ trays, placed 
in the middle zone of the furnace. The temperature of 
the furnace was controlled within + 5°C, The heating 
rate of the furnace was 3°C/minute and the holding 
time of the samples at 1000°C was 3 hours. The samples 
were cooled under hydrogen with rate of 3° C/minute. 

3.2.2 Tempering: 

The annealed specimens were further tempered 
at 6 50°C for 3^ hours in The flow rate of is 

the same as in the case of annealing. 



3 , 2 • 3 Magnetic Ageing : 


The magnetic ageing was carried out in gas 
under constant magnetic field using polytronic Electro- 
magnet/ T^^e HEM-7 5 S.R, No, - 12, For this a specially 
designed furnace with smaller diameter (in order to 
fit between the pole pieces of the magnet) 

was used. The specimens were aged 

at 6 50“C for 1/2 hr. at 1,2 K , Oe under hydixjgen stream 
At the end specimens were furnace cooled in the applied 
field in H 2 with flow rate of 1 c,c, /minute. The 
heating rate was 3°C/min and cooling rate was 4‘’C/minute 

3.3 Chemical Analysis ? 

The large samples of each alloy were cut from 
the iJtjgots and turned out to remove blow holes and 
pining defects, developed during casting. The alloy 
was homogenised at 1000°C for 3 hours in gas and 
chemically analysed and the analysed compositions of 
each alloy were reported in Table (3.2). 

3.4 Optimal Metallography : 

For the metal lographic study, the flate surface 
of the specimens was first polished successively on 
1/C through 4/0 emery paper talcing care that no deep 
scratches were produced during polishing. The specimens 
were thoroughly washed in flowing water and again 



subjected to polishing on a rotary wheel covered with 
selvyt cloth using a water slurry of submicron size 
(0.05U) alumina as a polishing abrasive. After polish- 
ing, the specimens were washed in running water and 
dried and etched with 10/ Nital (a mixture of 10 c.c. 
of HNO^ and 90 c.c. of methonal). The etching time 
varied from 2 swabs to 10 swabs depending upon the 
composition of specimens. The micro structures were 
examined using Zeiss Universal Metallograph and were 
recoirded on a 35 mm .'’Ilford photographic film (160 ISA), 

3.5 X -ray Diffraction; 

The specimens were mounted on perspex sheet of 
3 cm square sized with araldite so that flate surface 
could be ground easily. The polished specimens with 
flat parallel surface, were studied using a Rich Seigfert 
2002 D X-ray Generator and Isodebyeflux diffractometer. 

The Cr'ko: (X = 2,29I002A°) was used as X-ray source using 
a graphite monochromater in the path of the diffract^ad 
beam. This offered partially baclcgr«und free, P-radiation 
free, high resolution diffraction patterns for phase(s) 
analysis, present in the synthesized products. 

The diffraction pattern was obtained under 


following conditions: 



Radiation - Crka (\ = 2,291002A°) 


Tube voltage = 

Tube current = 

Scanning rate = 

Chart speed = 

Time constant = 

Intensity range = 

Angular Range = 

of scanning 


40 K.V. 

30 mA 

3°/min in 2 6 
3 cm/minute 
■10 

20 K Counts/minute 
2 5" < 2 e < 152". 


3.6 Microhardness Measurement ; 

Microhardnoss of polished sam'.oles as mentioned 
earlier, were measured using Leitz Miniload - 2 Micro- 
hardness Tester, The diamond pyramid indentor of the 
tester was forced onto the surface being tested with 
a load of 50 P force and the indent was made well 
within the grain boundary of each phase so that the 
hardness value attained did not have any influence due 
t* neighbouring grain. Measuring the length (d) of two 
diagonals of the indentation with the help of a micro- 
scope, the microhardness values were calculated in 
terms of VicTcers Hardness Number using the expression 

V.H.M. = 139 X 10^ X ^ 

d'^ 

where F is the applied load defined as F = 50 P = 490. 3mN 
and d is the average length of diagonals (in unit of urn). 



Battery 




The microhardness of each phase was measured on many 
grains and the average value was calculated. The micro- 
hardness of each alloy was measured in as cast and 
annealed conditions. 

3.7 Rcsisyitv Measurement : 

The samples were polished. Tw copper v;ire 
probes were fixed in the opposite faces of polished 
samples with the help of silver paint and araldite. 

The circuit for measuring the resistance of 
sample is -shown in Fig. (3.1). A rheostate was connected 
in scries with the unknown resistance of the sample. 

The resistance of the sample was calculated by knowing 
the total voltage supplied and the voltage drop across 
the rheostate by PM 2434 Philips D. C. microvoltmeter. 

The resis; 7 itv of the sarrple was calculated by calculated 
resistance of the sample with the following relation 

1 

R tss f , ^ , where 

R is the resistance of sample in uQ, 

f is the resisvity of sample in - cm y. 

1 is the length of specimen in cm. and A is the contact 

2 

area of sample in cm . 



3,8 Macrnetic Characterization : 


The properties of particular interest for 
present study of a permanent magnet are saturation 

magnetization remanonce magnetization (M.) and 

p T 

intrinsic poercivity (^Hc) and dependence of these on 
various processing parameters. 

Sartples for magnetic studies were cut into 
suitable dimensions with the help of microslicer 
cutting machine provided their maximum dimensions did 
not exceed 3 cm x 3 cm x 3 cm, APAR 150A Vibrating 
Sample Magnetometer/ supplied by Princeton Applied 
Research Corp./ New Jersey, was used for measurement 

i 

of M / M and He with the maximum attainable field 

S IT 

of 10 K, Gauss, The as oast and annealed with teit^Jered 
with and without magnetic field samples, were studied 
at room temperature. The principle of the magnetometer 
is described below in brief, 

A sample Of the material whose magnetic moment 
Is to be measured is placed in a sample holder. The 
sample holder is mounted on the end of a rod and sus- 
pvcnded and vibrated in the fixed of the electro -magnet. 
The sample is vibrated in an uniform magnetic field by 
moans of a transformer at a amplitude. The induced 
field in the sanple induces a e-,m.f. in a pair, of sta- 
tionary piclc up coils* The induced e.m,f* is amplified 



by a suitable electromic circuit and converts it into 
magnetic moment in electro -magnet unit (e.m.u.). 

The system is calibrated using the 3/32'^ dia x 
3 / 32 " long cylindrical sample of high purity Ni for 
which the saturation moment is f? e.m.u/grn. 

The sample is mounted between the electro- 
magnets in a perspex sample holder and is aligned and 
adjusted there by locating it symmetrically with respect 
to the detection coils. The main benefit of making this 
adjustment is that the different samples were adjusted 
to the same position, relative to the pick up coils, 
this minimizing the effect of geometry on the result of 
measurement. The sample is first taken to saturation 
by increasing the field strength (H) of the elect 2 ro- 
magnet to its maximum value (10 K . Oe) where the magne- 
to panel meter reads the value of in e.m.u. The 
field strength is then reversed to zero and the value of 

M is noted fi?om panel meter. Field direction is then 
r 

reversed and the field strength is increased slowly till 
the panel meter reads zero magnetic moment of the sampl 
Thus WG know the value of intrinsic coercivity (^Hc) at 
which the magnetic moment of the sample is zero. 



? . 2 RESULT : 


3.2.1 Chemical Compo si 1 : 1011 : 

The results of the chemdrcal analysis of various 
alloys (Analysed Composition) is reproduced in Table 
(3.2) in the last column. The first column represents 
the composition of starting materials (Nominal Composi- 
tion) before the thermite ignition. The difference 
between these two is the result of evaporation of cons- 
tituent elements or oxides due to high reaction temper 
rature, 

3.2.2 Optical Metallography : 

The micro structures of Pe-Ni-Al-Cr system 
alloys reveal wide-spread precipitates of irregular 
spaced spherical particles of various drapes and sizes 
with some inclusions through out the matrix. The grain 
boundaries were found not to be clearly delineated. The 
optical micrographs revealed features of phases as one 
darT< blacTc and other grey. The darlc areas are due to 
inhomogeneous distribution of alloying elements in Fe- 
matrix. Fig. (3.2) (a, b, c, d, e, f) show microstruc- 
tures of alloys of this system both as cast and annealed 
conditions. The annealed micro structures as seen from 
Pig, (3.2) (d,e/f) show that precipitate particles and 
inclusions are elongated and highly dispersed to be 
distinctly resolved. 
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Hi Ni content is obtained by difference 




(a) : Microstinactiire of Fe-11.62/ Hi, 

2.54/ Al, 3.50/ Cr as cast (x 300) 



= ^’!?S'Arr5S/cr!";ni;2is"('lO0O"c,3hrs) 

(x 300) 


3.2 


; Optical Micrographs 


of Synthesized Alnico Alloy 






'tnicture or 

C? annealed (1000“C 













r J • 


cro structure or lO.y 
04Jf CO, 2.93/ Cu, as 


of 10.94/ Ni, 4.39/ A. 
' Cu, annealed (1000«C, 


D structure 
i Co, 2.98; 
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(m) : Ilicro structure of Fe~7.10^ Mi, 4.9 3^ Al, 

12.04;? Co, 4.95^^ Cu as cast (x 20,.) 



hrs) 



The micro structures of Fe-Ni-Al-Co-Cu system 
a3 1oys shox,r a branch structure of dendrites with some 
inclusions of unequal size as in cast condition, shown 
in Fig. (3-2) (g,h,k). These are poorly resolved phase 
strictures. The annealed micro structures of alloys of 
this system revealed the precipitates of irregularly 
spa.ced rod particles of various sizes, oriented with 
the long axis of the matrix as seen in Fig, (3,2) 

(l,m, n), TTie rods tend to group into plate like rows. 
A^ter annealing, the size of precipitates is uniform, 
elongated and the precipitates are highly dispersed 
to bo distinctly resolved, 

^-rav Diffraction : 

The results of x-ray diffraction analysis for 
each of the alloys is presented in Tables (3.3 to 3.13). 
Those tables give the 2 9, “^kl , relative intensity 
and indices of the diffraction lines for the alloys 

of !;.»th systems respectively. 

The X-ray diffraction patterns for (Pe-11.62^ 
Hi, 2.54/ Al, 3.50/ Cr) and (Fe-11.952' Ni, 4.96/ Al, 
6,99/ Co, 2,03/ Cu) alloys are shown in Fig. (3.3) and 
in Fig. (3.4). The reflection pattern observed around 
thif peak is broadened and the peak at 68,5® is inden- 
tiflcd as the (220) peak of a b.c.c. phase (FejNi Al) 
with 1 .it 1! cc parameter of 5.774A®, 




I 






20, Hsgrecs 

Fi§. 3.4 X-my dllfraction pattern of the alf<^ (Fe-lt.95%Ni '*4.^%AI*8.SB%Co 
2.03 %Cu) annealed at 1000®C for 3 hours. 



TABLE 3.3 

X-ray Diffraction Pattern of Pe-11.62/ Ni, 2.54/ Al, 


3.50/ Cr alloy 


at 1000 °C for 

3 hrs in 

2 e 

d(A°) 


hkl 

33,30 

3.9979 

5 

200 

66.20 

2.0996 

18 

211 

63. 50 

2.0353 

100 

220» 

79.0 5 

1.7999 

5 

310 

10 5.08 

1.4431 

10 

400Jt 

123.13 

1.2738 

4 

411,330 

123.65 

1.2709 

4 

420 

152.25 

1.1799 

18 

332 

Crhft Ra.diition 

X = 2.291002 A% 


Tc c: 10 nc‘ 0 >nd; 

S, C.R.M. = 

20 k. 



rjcanninr? .•speed » 3'^/ininute, 
chart ispotxi « 3 ens/minuto 

» Ref 1-H’tinru; used for lattice parameter calculations. 



table 3.4 


X-ray diffraction pattern of Fe-12.82^ Ni, 2.63/ Al, 


4.72/ Cr 

alloy, annealed at 

1000 °c 

for 3 hrs in H2 

2 0 

d(A“) 

"^0 

hkl 

32.6 5 

4.07 53 

10 

110 

SB, 9 5 

2.3281 

20 

200 

62.35 

2.2129 

10 

211 

68.46 

2.0364 

100 

220jt 

79.94 

1.78 51 

20 

310 

87.08 

1.6629 

10 

222 

9 2.00 

1. 5925 

15 

321* 

1 1 5. 10 

1.3552 

5 

400 

MB. S3 

1.1902 

9 

411,330 

Crk.B R/u-li 

at ion X = 2.291002 

A°, Tc 

= 10 seconds. 


C.P.n* r 20 k, Ocinninrr speed = 3 yminute in 2 G, 
chart r.T’-* <>1 a 3 ent/minuto 

» P.ofl-. M't;,, ,n;'. used for lattice parameter calculations. 




table 3.S 



Crknr. X = 2.291002 , 

Tc « 1C iX.'Ccmds, C.P.M. « 20 k, 

Sc-inninu i-ixsixl * 3*’ /min, chart speed = 3 cm/min. 
m Reflectirnn nc-orl for lattice parameter calculations. 


TABLE 3.6 


X-rny diffraction pattern of Fg- 16,12/ 2.56^ Al, 


6. 55/ Cr alloy. 

annealed at 

1000 °c 

for 3 hours in 

2 0 

d(A°) 


hkl 

31. 10 

3.37 33 

10 

' 110 

46,36 

2.3903 

15 

20O3fr 

56 • f- 

2.4202 

13 

' 211 

63.40 

2.0 373 

100 

220}t 

7 5.«0 

1.3«90 

25 

310 

07,0.1 

1.6635 

22 

222 

<H> .77.1 

1. 5330 

30 

321 

to 5, 3^3 

1.4410 

10 

400jt- 

123.'*0 

1.2697 

19 

411,330 

1 51' • y> 

1.1351 

23 

. 420 


Crka Radiation X » 2.251002 A°, 

Tc » 10 seconds, C.R.M. « 20 3c, 

Scanninn speed » ?”/min. 

Chart. sr>eed * 3 cV'^in. 

# R..flpction3 U5®a for lattice parameter calculations 


table 3.7 


X— ray diffraction pattern of Fe— 17.66^ Ni^ 2.59^ Al, 


7.4?^ Cr, 

alloy# annealed 

at 1000 °C 

for 3 h rs in 

2 0 

dCAM 


hkl 

33,8 

3.9405 

12 

110 

46,32 

2.8832 

15 

200jt 

52.0 

2.6131 

20 

211 

68, 33 

2.0385 

100 

220» 

74.7 

1.8382 

21 

310 

86.98 

1.6644 

27 

222* 

9 *5,6 

1, 5463 

32 

321 

to 5.2 3 

1 . 4417 

25 

400 

146.2 

1.1972 

19 

411, 330 


Crkff R;idiation X ** 2,291002 A° 

Tc sa 10 seconds, C.P.M, = 20 X, 

7 r spe«1 St ?‘'/min. 

Chart s|>eed * 3 ar/mfn, 

m Rofl>*-'t I 'nn used for lattice parameter calculations. 




T7.,BLE 3.3 


X-ra'"' diffraction pattern 

of Fe-20. 

22/ Ni, 2.54/ Al, 

3.57/ Cr alloy. 

annealed at 1000 “C 

for 3 trs in H 2 

2 

d (,1°) 


hkl 

2 • f 

4.6 377 

14 

110 


2.3349 

22 

200 


2.4320 

3 

211 

6 3 . 32 

2.0401 

100 

220» 

7 >■'•73 

1.86 ?2 

16 

310 

36.3*) 

1.6631 

19 

222 * 

3 3 

l.'=792 

20 

321 


1.442 5 

26 

400 

13-^7 

1.2412 

15 

411, 330 

1 ! 7 . .i 

1.1935 

12 

420 

'“trk't Padlati'-'n 

X » 2.291002 h\ 


rc » !• 

C.P.M. = 

20 k 



Chffijrt » 3 

ScannirH.i speef** » 


m Ref‘ 


■nr, used foi? lattice parameter calculations, 


TABLE 3.9 


X-ray diffraction pattern of Pe-14.02^ Ni, 


4.5rs/ .M, 3.01/ 

lOCO'^'C for 3 hrs 

C3o, 1.16/ Cu alloy, 

in . 

annealed at 

2 e 

d(A“) 


hkl 

62.8 

2.1987 

32 

211 

63.43 

2,0 372 

100 

220» 

7 3. 5 

1.9145 

16 

310 

37.0 5 

1.6634 

9 

222» 

13fu 

1.2399 

17 

321 

1 46 .4 

1.1966 

8 

400 

Crka Radiation 

X » 2.291002 

A% 


Tc w 10 

C.P.M, xr 20 

k. 



Sc*'snninq » 3®/min# Chart 

Spr*r.K3 ts 3 cw/min. 

IK Refl- ' r.n uned for lattice parameter calculations 



T/^BLE 3.10 


X-ray diffraction pattern of Pe-ll .9 5 ^ Ni, 4.96/ Al, 

6.9^/ Cb, 2 . 03 ^ Cu alloy, annealed at 1000°C for 3 hrs. 

in 


2 e 

<2 (A") 



hkl 


2.0335 


34 

211 

6a. 2 

2.0429 


100 . 

220jt 

7a. 6 5 

1.3076 


17 

310 

to 5,7? 

1.4367 


9 

222 

12 a 

1.2745 


19 

32lJt 

1 52 . 2 5 

1.1799 


10 

1100 

CrXn. dint ton 

X * 2.291002 

A% 


Tc m 10 .neoond«. 

C.P.M. a 

r 20 

k. 


re. win * r, i-jptjjcxl * 


Chart speed = 

3 cm/min. 


» Rof lections used for lattice parameter calculations. 



table 3.11 


X-ray diffraction pattern of Fe-lO.94^ Ni, 4.87 ^ Al, 
8.04/ Co, 2,98/ Cu, annealed alloy at 1000°C for 
3 hrs in t!^ 


2 e 

d(A® ) 


hkl 

6 3.5 

2.1769 

33 

211 

67.9 

2,0906 

100 

220» 

82.4 

1.7391 

20 

310 

86.3 

1,6743 

25 

222» 

97.2 

1. 52 59 

' 10 

321 

106.6 

1.4287 

15 

400* 


Crktt . 1! >t -'-n X ■ 2.291002 A®, 

Tc « 10 r.-.-rv!.'-, C.P.M. » 20 k, 
r-”, ; r speed * 

Chart speed » 3 cnV'min 

n •» used for lattice parameter calculations 



TABLE 3.12 


X-r.iv diffraction 

pattern of 

Pe-899/ Ni, 

4,89/ Al, 

10/ Co, 1.01/ Cu 

annealed alloy at 1000 

°C jfor 3 hrs 

in 

♦ 




2 B 

d(A'’^ 


hkl 

36. f 

3.6 571 

27 

110 

16,7 

2.8890 

32 

200 

*^0 ,0 

2, 3264 

27 

211 

6B.2 

2,0428 

100 

220» 

77.6 

1.8231 

21 

310 


1.7069 

18 

222 

7 5.8 

1.5442 

15 

32 lit 

107.2 

1,42 32 

9 

400 

tM. S 

1.3619 

16 

411, 3303t 

126,8 

1.2811 

9 

420 

^ 1 f i ‘^^¥% 

K m 2.291002 A% 


Tc w to 0 «crmds# 

C.P.M. * 20 k. 


r*' in' . ! n'"r speed •-= 

3‘'/min, 



Chart speed » 3 

arrv^min. 




' rt.' used for lattice parameter calculations. 


» Pufl-"'* 


table 3.1^ 


X-ray 'Li f fraction pattern of Pe-7.1^ Ni, 4 . 93 ^ Al, 

12.04/ 4.9 S/ Qi annealed alloy at 1000 for 

3 hrr in . 



d(A'^) 

I/Io 

hkl 

1/;^ 1 

3.6976 

23 

110 

49 . 3 

2.9 MO 

31 

200 

94.7 

2.3368 

29 

211 

1 

2.0452 

100 

220» 

77* ; 

1.8319 

23 

310 

9 ;.2 

1.7087 

25 

2225t 


1.9451 

30 

3213* 

lw7*on 

1.4249 

35 

400» 

n*''.24 

1. 3564 

14 

411,330 

CrHtx itidlatl*; n « 

- ■ 2.291002 



Tc a to • 

C.7.M. a 20 

k 



.'Jc-innlnn nj',.'e«.K3 » 3“/min, 

Q'i.irt w 3 cm/mi n» 

11 Pf.'fl, •* ' c.' iu?cjd for lattice parameter calculations. 



7.2.4 Ml rT»hf> Irenes s Measurem^n-h : 


The tTii crohardtiess measurement was carried out 
tn aotemine the hardness number of the as cast and 
annnaled allovs. The representative microhardness value 
of each alloy was obtained as an average of several mea~ 
s’lr • ■ nts on each specimen in terms of Vickers Hardness 
Mnmbor. 

The result of hardness measurement for all 
the are shown in Tab]e (3.14). The variation 

of ','1 crohardness with ■=! specific transition metals (Cr^ 
fk?, a:) cxjntent 9r total content of precipitating ele- 
ii\ ‘Utr. Is shown in '^'igs. (3. 5 to 3.9). The microhardness 
o*: nno’i'T* is found to increase linearly with the addi- 
tion of. nrocipltating elements (single or in oombination) 
in ’.I I th*'; Ci’scjs. Amon’^st Cm# Co and Cr/ the variation 
in mlrrohardnoss with the addition of Cu is steepest 
in oompajrlson to those with Oo or Cr. In each case, 
th.' nnnor!l<x1 alloys have lower v.H.N. than that of the 

’’ 71 / -ct. rt eg I Rest avlty . JigasuxeTiei^ i 

'me measured electrical rcsisvity of various 
nlley. 1, ; r....';ontofl tn Tnble (3.15). The correnponaing 
roalsvlty verarn alloying alament weight percentage is 
shown .in Pig. (3.10) for Pe-Nl-Al-Cr syst® ana In - 


TAFLE 3.14 


Microha ri'nei'K values of Alnic» magnet alloys of vairving 
cotnix? t io n »js cast and as annealed (at I000°c for 3 hrs 
in conditions. 


Sample ‘‘io 

. Composition (in wt, pet) 
*‘»alance Pe. 

Microhardnessst 
(V.H.N. ) 



As Annealed at 

cast 1000 for 

3 hours in 

(Fe-Ni-Al 

systcan 

-Cr) 



1 • 

11,62/ Mi, 2.54/ Al, 
3.?^ Cr 

49 5 

435 

2. 

12.02/ Mi, 2.63/ Al, 
4.72/ Cr 

540 

475 

3. 

14.92/ Hi, 2. 52/ Al, 
5.96/ Cr 

60 5 

545 

4 • 

16,12/,N1, 2.56/ Al, 
6.55^ Cr 

62 5 

56 5 

5. 

17.66/ Ni, 2.59/ Al, 
7.4?/ Cr 

67 5 

620 

r>. 

20.22/ Wi, 2.54/ Al, 
0.57/ Cr. 

72 5 

665 

I 

f 

> 




7, 

14.02/ Mi, 4.56/ Al, 
3.01/ Co, 1,16/ Cu 

513 

446 

a 

rf a 

11.9^ Ni, 4.96/ Al, 
6.98/ Go, 2.03/ Cu 

62 5 

561 

9. 

10,94/ Ml, 4.87/ Al, 

9,0 4/ Co, 2.98/ Cu 

660 

585 

to. 

8,99/ hi, 4.89/ Al, 

10/ C0» 4.01/ Cu 

720 

645 

11. 

7.10/ Ni, 4.93/ Al, 
12.04/ Co, 4.9 5? Cu 

780 

701 


M! u-'h.,-':' values indicated above are the average 
values of hs--;: measured on several alloys. 



Q 


'm 


?ABLE_3^ 

SI metrical resisvitv values of A^n^^ 
r ,rnv-,r-t« . ■ Alnicx) magnet alloys 

of varyinn oomro.rtion as cast and annealed (at 

lOOOOcfor 3hrs. in H^) conditions. 


(Fe-l'a-Al-Cr) 

5%y flr ^ 


^'■ition (wt. /) 
ice Pe 


Resisvity at 
Room Temperature 
(30'»c)()LiQ-aTi) 

FAnnealed at 
cast ; 1000° C for 
X 3 hrs, in H, 


1 

11.62/ Ni, 2.54/ Al, 
?.‘-'0/ Cr. 

88 

65 

2, 

11,82/ Mi, 2.63/ Al, 
4.72/ Cr. 

91 

71 

3, 

14.92/ Mi, 2,52/ Al, 
6.96/ Cr. 

98 

75 

4 . 

16. 12/ Mi, 2.56/ Al, 
6.55/ Cr 

10 3 

79 

5. 

17,66/ Mi, 2,59/ Al, 

' 



7,43/ Cr. 

107 

84 

6. 

20.22/ Mi, 2.54/ Al, 
8.57/ Cr. 

110 

87 


( P e-fli-AJ -CO“Cu ) 

Systm 

7* 14.02/ !‘3i, 4.56/ Al, 

3.01/ Co, 1.16/ Cu 9 5 69 

Mi, 4.96/ Al, 

6. 98/ Co, 2,01/ Cu 100 74 

10,9.1/ Ni, 4.87/ Al, 

8.04/ CO, 2.98/ Qi 10 3 77 

10. 9,99/ Mi, 4,89/ Al, 

10/ CA3, 4.01/ Cu 104 79 

11* 7,10/ Ni, 4.93/ Al, 

12.04/ Co, 4*95/ Cu 


106 


81 




A Anfitaittd (of 1000*C tor 3hrs In Hj) 



19laiF' 22 23,4 25,23 27,68 

Wt, */• ot Alloying Elsments 


J L 


30 31,33 


ffl* 

of V.HN. with wl,% of alloying eUmenfs 




As cost 

Anntalcd (q1 1000*C for 3hrs in H 2 ) 



Wl. V. of Coppor 

/„ri«ilon of V.H.N. with wt.% of copptr in 


s. 



Anr.tcitd Col lOOO^C for 



21 22 22. 7S 24 25 25.92 26.83 27.89 

Wt. ®/o of Alloying Elements 

Eig 3 It Voriotion of resistivity with wt. ®/o of alloying el 


Pig* -O** P<»->‘31-Al-C3o«-Oa system respectively. It 

is thrt alloying elements Inhance the reslsvity witii 

inere'^s- ^n nr*r1itlon« In eadi case, the annealed alloys 
h-'ve In’-'^r valvie of res^.svlty than that of the cast alloys* 


j.?,*! f :;mnett e t : eristtry:»ents g 

The surma ry of rnaonetic measur^ent for satxira- 
tion magnet' '‘=»tlon Rsmanenee Magnetization (M^) and 

Coerelvltv &Ae) in presented In Table (3.16). This is 
hasrd on experimental study on alloys of (Pe-Ni-Al-Cr) and 
(ee-'*i-Al-06>»Cu) systems after giving the following heat 

. (11 Antiwlrt at 1000-0 for 3 hra. and tempered 
ef «ao-C for ^ hra. In Hj and (2) Magnetically aged at 
aw-c at tW Oe for 1/2 hour In orter to determine the 
^eoroe to Hhl«9i the magnetic propwtles ean be developed, 
the mannetl ration raaulta are alao prasantel in figs, 
to J.13) a. Plot «* « *• " 

The onerelve force and rcmanenee magnetiaatlon were deter- 
mlnaa by «trapol.tlon of the d-rngnctlaatlon curve obtained 
in the a.»nd quadrant. Vig.., ( 3.12 to 3.13) -how 

.11 the alloy, ar. ...«.tU»y «g«.tloally aatureted^i^ 

fSAghetle field rengi**® f» - tTnorovinent 

ef both eyeterti*# these oaves ^ 4 n«*-teasC 

in th. diwolno tr-- "^^^tion 

in aaturatton 

aJt. to th. 
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Magnetization, e.m.u/cm^) 



Magnetic Field, kOc 


Fig, 3.12 Magnetization curves (First Quadrant) tor Fc-14.92% Ni, 2.52*/i 
5.9 %Cr 


Mognttizatioft , e.m.u./cm 



Magnetic Field, kOe 

Fid, 3.13 MogtHitizalion curves (First Quadranl) for Fe-«.02%Ni, 
456%AI, 3.01%Co, 1.16y.Co . 


is not much difference in the initial magnetization parts 
drawn for different heat treatment conditions. The gap 
between magnetization and demagnetization curves for 
Pe~Ni~Al-Co~Cu system alloys is larger than that of 
Pe~Ni-Al~Cr system alloys. Thus the alloys of Fe-Ni-Al~ 
Co— Cu systsn show better approach for loop sguareness, 

3, 3 DISCUSSIONS : 

The result obtained in the present investigation 
are being discussed below under following headirgs: 

1, Chemical Composition 
?, Metal log raphic Features 
3* X-ray Diffraction Studies 
4, Microhardness Measurement 
Resisvity Measurement 
6, Magnetic Behaviour. 

3,3,1 ^.emical Composition : 

The results of chenical analysis have been pre- 
sented In Table (3.2). The nominal and analysed composi- 
tion of all alloys are different. This is atributed to 
the vaporization of the elemental components/ because of 
very high temperature involved in the process of fabrica- 
tion. In fact the control of composition of alloys is a 
serious r.rv’blem in the present process. 





^^IgL^filiogga phic Feat ures • 


The micro structures of alloys of (Pe-Ni-Al-Cr) 
and (Fo~Ni~Al~Co"'Cu) systems differ from eacSii-other* 

Also the structural inhomogenety seen in micrographs 
of toe same t^/pe of alloys results due to inhomogenety 
In temperature distribution between mold wall and the 
brxlk of the melt. 

The Po~Ni~Al-Cr type alloys reveal wide precipi- 
t*'tes of irregular shape and size with some inclusion^ 
through out the matrix both as in cast and annealed con- 
ditions, as shown in Fig* (?,2) (a,b, c, d, e,f , ) . 

During soldif ication, the sold particles are 
eontin.?ously forming which pass through such zones where 
the shear forces are weah and the soldified particles may 
remain in contact with each-other for a some duration 
without disruption by the fluid forces. This contact 
dxiration may be sufficient enough for the formation of 
much larger particles in size as result of particle 
coalescence phenomena. The increased content of Cr in 
the ■’Hoy is responsible for increased proportion of 
inclusions which may be due to insoluble phases such as 
oxides and otlier intermetallics. Also tae high thermal 
gradient and fast cooling leads to formation of irregular 
precipitates in sire and shape. The microstructures of 



Fe-Ni~Al-Co~Cu system alloys show the precipitates in 
the form of dendritic structure and as irregularly spaced 
rod particles of various sizes both as in cast and as 
annealed conditions respectively as shown in Fig, (3.2) 
(g# h, k, l^m^ n) , The presence of such particles may be 
atributed to the effect of copper content on the growth 
kinetics of a' phase, Chien and Kattamis (4) have 
shown that the growth rate of a' phase in the alloys 
increases with increase in copper content. The effect 
of processing conditions on particle size and its dis- 
tribution has been found to be different for different 
alloy composition in this system also. 

The quality control of alloys of both the 
systems by the control of micro structures is very com- 
plex due to Iriherent difficulties involved with the 
thermite process, 

3,3,3 X-Rav Diffraction Studies : 

X-ray diffraction results of the phases pre- 
sent in the alloys of (Pe-Ni-Al-Cr) and (Pe-Ni-Al-Oo-Cu) 
systems are difficult to analysis due to non— equilibrium 
precipitation of phases during rapid soldification. 

There is oo-exlstence of several phases in each system. 
Usually for similar system, annealing around 1000® C for 
several days is recommended in order to obtain a single 
— wK— •Ffr'artfei on showed the presence of 



very strong line corresponding to a B.c.c, a' (Pe 2 Ni Al) 
phase with the lattice parameter (a) 3 5,774A°, The 
nrost intense peak is broad and is observed in the 2 © 
range of 68 " - 69° (Cr radiation) corresponding to ' ' 

( 2 ? 0 > reflection. The intensity of this peak did not 
change v.vsibl'^/ with the change in composition of allovs 
of both s'^stems. Also no systematic change in intensity 
of other lines with chanoe in composition of the alloys ‘ 

'V 

was noticed, Thoxigh several seci"-nd phase precipitates 
are expected to occur, the X-ray diffraction has revealed 
only one phase (Pej Ni Al). This a* phase is 
in the weakly magnetic matrix, 

? . ? , 4 Mlc::n:>hardness Heasure^aent : 

The result of the microhardness measureaent of 
Pe-Ni~Al“Cr .and Pe-Ni-Al-Go-Cu systems for as cast and 
as annealed conditions is presented in Table (3,14). 

The data indicates that the addition of Ni, Al, Cr, Oo 
and Cu to Pe - matrix increases the Vickers Hardness 
Number as shown in Figs. (?. 5 to 3.9). These Indicate 
linear dependence of V.H.N, on the concentiration of 
al ng elements in both, systems. This can be atributed 
to distortion introduced in the Fe (b.C.C. ) lattice as 
result of the difference in atomic iradii of matrix and 
the .illoying elements. The atomic radii ef the elements 

r#-. 4 niKO 1 . Ni ts 1,24A°# Cr ® 1,2 SA , 

are Pe w 1.24A”# Al *“ x. ^ ^ 


^Co = 1.2 5A° and ^Cu = 1.2SA°, The strain field 

associated with the lattice distortion may offer signi~ 
f leant resistance to movement of mobile dislocations 
during hardness measurement. This may result from the 
solute atoms. Also the presence of fine precipitates 
will significant obstacle to dislocation motion. As 
the matrix distortion and amount of fine precipitates 
are directly proportional to the concentration of alloy- 
ing elements, the Viclcers Hardness varies accordingly, 

3,3,5 Restsvitv Measurement : 

The result of the resisvity measurenent for 
ns cast and as annealed alloys of both the system is 
presented in Table (3.15). The corresponding variation 
is shown in Pigs, (3. 10 -to 3,11). These again indicate 
the linear increase irresisvity with Increase in addi- 
tion of alloying elements. This behaviour can be 
atribufced due to increased electron scattering due to 
local stress field as a result of solute atoms and 
second phase particles and dislocations in the Pe- 
matrix. All samples of alloys, annealed at 1000°C for 
3 hrs. in exhibit lower values of resisvity than 
those of cast samples due to relief of residual stress, 

developed during casting. 



Magnetic Behaviour; 


The magnetization behaviour of those alloys is 

shown in Pigs. (3.12 to 3.13) for samples with different 

preparation history as indicated in the inset. As is 

expectf^dj. the magnetic properties such as M , M and 
i s r 

He are higher in the case of magnetically aged (at 
6 50°C for 1/2 hr at 1200 -Oe) alloy in coinparison to 
other cjonditions. The magnetic agpeiiig in a constant 
magnetic field through close to curie point is supposed 
to help the alignment of magnetic domains parallel to 
the aopliod field direction and inducing loop square- 
ness and high values of , 11 and ^c. 

s r 

All the results presented in Table (3.16) show 
that the saturation condition for all alloy samples 
occurs at a reasonably large field (5.9 to 7.9 K , Oe). 
This may arise due to high demagnetizing factors for 
small specimens. Moreover/ the effect of in^mrities 
like carbon on magnetic properties is obscure in the 
present case. The values of intrinsic ooercivity 
ihlc) are found to vary with composition and history 
of alloy preparation. 

3. 3.6.1 affect of Cr on nHqnet± c_ P rx>' 9 erti^ i 

The effect of Cr addition on magnetic proper- 
ties of Pe-Ni-Al system has been ^wn in Figs. (3.14 to 
•«* • <c \ aatiiT^ation luagnetization (M„) and 



Satyrotion M S , «.mu./cm 
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o As Cost 

• Anosoted (otlOOCfC for 3hrs)Qnd 
Ttmpcrtd (at 650®C fof 3^^ hrs m Hj) 

A Magnetically annealed (at 650*C 
for */>hr ot 1200 0#) 
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Fig, 3.14 of saturation magnetiiation MS with weight % 

of Cr in Fi*hl}"AI"Cr alloys. 







Intrinsic Cosficivlty CiHc), Orstsd 



Wt. % Chromium 


Fi9.3 l6 Voriotion of intrinsic cotricivity (iHc) with wf.% of Cr 
in Fi - Hi ' At -Cr alloys 



retnanence magnetization (M^) are found to decrease with 
increasir>g Cr. However, the coercivity is seen to 
increase with increased Cr content. 

A decrease in the values of M and M are 

s r 

oxnlained as following way* a addition of Cr to Pe-Ni-Al 
svstom induces the formation of inhonogeneous inclusions 
with non—unifor distribution with respect to their shape 
and size* The inclusions causes either the formation 
of magnetic poles or a stressed domain structure. This 
reduces the values of and M , This also increase 
coercive force by introducing hindrance to magnetiza- 
tion and demagnetization processes due to interaction 
between domain walls and inclusions (5,6). 

The principle •£ the madern^ inclusion^ theory 
was enunciated by Neel (7) and some modification in the 
abov<-' tht'iory have been tahen up later on in order to 
account for the effect of non-magnetic inclusions such 
as Fn^C in the f erro'-magnetic matrix. Goodengh (3) has 
discussed the effect of inclusions or precipitates 
(causing reversal magnetization) on the coercive f»rce 
in po vcr'''.*"' t > 1 1 ^ nc ferro— magnetic materials. His pre- 
dictions indicate that should increase with 2/3 
tower of volume of granular inclusions and for lamilar 
precipitates, should increase linearly with the 

precipitate volume. The effect of shape and size of 


inclusions on ^Hc has also been considered. 

? . ? . 6 . 2 Effect of Cobalt on Magnetic Properties : 


'Phe dependence of* magnetic properties of Fe-Ni- 
Al system on cobalt content is presented through Figs, 
(3,17 to 3.19), It is evident from Figs. (3.17 to 3,19) 
that the addition of Co increases and ^Hc. The 

increase in M and M values may be atributed to the 

S T 

formation of a f erro-magnetic (Pe-Co) phase in the in 
the alloys along with d* phase. Though X-ra.y analysis 
has not shown definitely the presence of such phase, it 
is felt that a small amount of f erro-magnetic (Pe-Co) 
phase is formed which inhances and values. The 
increased intrinsic coercivity may be atributed to the 
incrcnsr,y3 shape anisotropy, associated with precipitate 
particles. Thus the addition of Co has beneficial effect 
in tfh.ncTng magnetic properties of a permanent magnet. 


3. 3.6. 3 EFfnct of Ni ricel on Magnetic Propert . i es: 

The effect of Nickel content on the magnetic 
properties of Pe-Ni-Al system is .-shown in Figs. (3,20 to 
3.21). The addition of Ni to this system is found to 
accre^o th. values of and as shown in Figs. (3.20 

to 3.21). -y 

tion of Hi reduces the average atondc magnetic moment 
of the alloy, because magnetic moment of Ml C r 







As Cast 

Ann«al«d (at 1000‘’C for 3hrs) and 
T«mper«d (at BBO'C for 3 V 2 hrs in Hj) 

Magnetically anneale (at eSO^C for 1/2 hr 

at 1200 Oe) 


— j 7 8 10 12 

Wt. Vo Of Cobalt 

iotirn of residuol magnetization with wt. /o of 
ni* in F« "Ni'Al'Co'Cu alloys. 


Intrinsic Cc^rcivity iHc, Orsted 



wt. Vo of Cobalt 


Fig.3,19 Voriation of intrinsic coercivlty iHc with wt. Vo of 
cobalt in F*"Ni"At"Co*Cu alloys. 
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Wt. % of Nickel 

Fig. 3.21 Variation of residual magnetization Mr with Ni content in 
AI-Co^Cu allays. 


is loss than that of iron (^e = 2.22 hB), 

3. 3.6.4 Effect of Copper on Magnetic Properties : 


The effect of Cu content on magnetic properties 
Qf Po-Ni~Al system has been presented in Pigs. (3.22 to 
3,24). Prom the above, we find that the addition of 
Cu increases and ^Hc values. The addition of 

Cu was found to increase the precipitation rate of 
ferro -magnetic phase in the weak magnetic matrix and 
induces significant shape anisotropy, giving rise to 
incrcasoa values of K3, and ^o. The irr<provement 

in tho values of and due to Cu addition can also 

be explained using Stoner and Wohlfarth model (9) in 
which magnetisation is assumed to reverse by coherent 

rotation. 


Effect of Tempering 1 

The annealed samples of all the alloys were 

3 1, AKD^C for 3^ hrs. in atmosphere. Tbe 
tempered at 6 50 c tor 2 

a -!n Table (3.16) show that tempering 
results reported in Tabl 

„ M and values in all the cases. Temper- 

improves H , ana 

. nrontar difference between the spontaneous 
Ing causes greater uj-j. 

,4 of a‘ phase and weak magnetic phase due to 
„-.^,,ri. ttn-!tlon of a pnase a 

. f yo atoms from the weak magnetic phase to 
transfer of re atoms 

Phase by diffusion process. 

,,,, 3hape anisotropy of preerpitate partrcle 
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Fig. 3. 22 Variation of 
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saturation mQgf.etizQtion with 
in Fe-Ni'Af-Co-Cu alloys. 
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Fig, 3.24 Variation of intrinsic cocrcivity with wt.% 
of Cy in Fe*Ni~AI‘*Co‘’Cu alloys. 



TcjrnpGiri ng also causes "the clear cut phase separation 

of ft precipitates (strong magnetic) and the elongation 

of u particles on the expense of matrix (weak magnetic) 

This irihances M , M and values. 

s r c 

3. 3-6.6 Effect of Magnetic Ageing : 

The magnetic ageing causes preferential align~ 
mcnt of the spinodally decomposed particles along the 
field direction or as near as possible/ depending on 
the orientation of [lOo] of the precipitate particles 
(lO), The elongation of cl* particles inhances shape 
anisotropy leading to higher value of intrinsic coerci- 
vity in the field direction. Thus magnetic ageing 
results in improved magnetic properties. 

?.4 CONCLUSIONS : 

The present investigation was undertaken to 
tost the conviction of employing metallothermic process 
for producing hard f erro-magnets using metal oxides in 
stead df metals. The results of studies on the alloys 
of both systems led as to the following conclusions: 

1. It is possibility to produce hard magnets 
using the thermite process. 

2. The major difficulty occurs in controlling the 
composition and micro structure of the alloys. 



The effect of copper addition in Fe-Ni-Al-Co- 
Cu system is to produce abnormally large rod 
like precipitates both in the cast and annealed 
samples. 

The second phase precipitate is a b.c.c. type 
a' phase with a = 5.774A“. Smaller constituents 
could not be deteirmined due to their minute 
amounts » 

Vickers Hardness and electrical resisvity 
were found to increase linearly with addition 
of alloying element concentration. 

The addition of Cr increases the intrinsic 
cocrcivity (^Hc), but lowers and 
values. 

The addition of Co and Cu improves the values 
of , M and ^Hc. 

The annealing (1000°C for 3 hrs.) together 
with tempering (6 50°C for 3^ hrs in H 2 ) results 
in higher values of and ^c. 

The magnetic ageing (6 50°C for 1/2 hr at 1200 
Gauss) reveals promising improvement in the 
values of and He. 
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